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Spectrum is presently one of the most valuable goods worldwide as the demand is permanently increasing and it can be traded
only locally. Since the United States Federal Communications Commission (FCC) has opened the spectrum from 3.1GHz to
10.6GHz, that is, a bandwidth of 7.5GHz, for unlicensed use with up to −41.25dBm/MHz EIRP, numerous applications in
communications and sensor areas are showing up. Like all wireless devices, these have an antenna as an integral part of the
air interface. The antennas are modeled as linear time-invariant (LTI) systems with a transfer function. The measurement of the
antenna’s frequency-dependent directional transfer function is described. Quality measures for the antennas like the peak value of
the transient response, its width and ringing, as well as the transient gain are discussed. The application of these quality measures
is shown for measurements of diﬀerent UWB antennas.
Keywords and phrases: ultra-wideband, ultra-wideband antennas, quality measures for UWB antennas, time-domain antenna
characterization, transient radiation and reception.
1. INTRODUCTION
In April 2002, the Federal Communications Comission
(FCC) has released the first report and order regarding the
application of ultra-wideband (UWB) communication de-
vices [1]. The antennas are an essential part of such sys-
tems as of any wireless system. All antenna’s properties de-
pend strongly on the frequency. Therefore, the transmitted
waveform is filtered by the antenna structure. The ultra-wide
bandwidth allows for resolving the fine structure of the tran-
sient transmitting and receiving performance of the antenna.
For the free-space propagation channel, the channel impulse
response depends only on the antennas’ filtering character-
istic. In the case of a line-of-sight (LOS) channel, the en-
ergy content of the channel impulse response is dominated
by the direct path, which again is filtered by the transient re-
sponses of the employed antennas. For the analysis of envi-
ronments with the condition of rich multipath like non-line-
of-sight (NLOS), one has to take into account that the filter-
ing characteristic of the antenna has not only an impact on
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the frequency domain and the time domain but has also a
spatial component. This results in diﬀerent filtering charac-
teristics for diﬀerent directions and leads to a weighted exci-
tation of the diﬀerent paths. Therefore, the theoretical anal-
ysis and the experimental verification of the spatio-temporal
characteristics of UWB antennas are an important issue for
the design of UWB systems.
2. UWB ANTENNAMODEL
In general, the electrical properties of antennas are charac-
terized by input impedance, eﬃciency, gain, eﬀective area,
radiation pattern, and polarization properties [2, 3, 4]. For
narrowband applications, it is possible to analyze these at
the center frequency of the system. For wider bandwidths,
the parameters become strongly frequency dependent. The
straightforward evaluation of the parameters as functions
of frequency is not suﬃcient for the characterization of the
transient radiation behavior. This has to be considered when
dealing with UWB modulation schemes like pulse-position
modulation, chirp, direct sequence spread spectrum (DSSS),
orthogonal frequency division multiplex (OFDM), and the
related waveforms.
One proper approach to take into account transient phe-
nomena is tomodel the antenna as an LTI system [5, 6, 7, 8, 9,
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10]. This has to be done for the receiving mode (Section 2.1)
and the transmitting mode (Section 2.2). Both systems are
related to each other by the reciprocity theorem.
2.1. Transient reception
It is assumed that a plane wave from the direction (Θi,ψi)
with the polarized field strength spectrum Ei hits an antenna,
which is terminated with its real and frequency-independent
characteristic port impedance ZC . The received voltage spec-
trum Urx,i, which is measured across the terminating load,
is a linear combination of the antenna’s normalized eﬀective
height Hi and the incident field (1). In the time domain, this
leads to the convolution of two vectors, which is the sum of








































The linearity of the problem allows for the superposition of
all incident plane waves. Therefore, the antenna in the receiv-
ing mode is fully characterized by its normalized time and
angle-dependent transient response hn(t, θ,ψ) in the time
domain or by the corresponding transfer function Hn(ω) in
the frequency domain with the angular frequency ω = 2π f .
The dimension of hn is m/s. The time-integrating convolu-
tion operationhn∗ yields the unit m. Accordingly, the unit of
the transfer function Hn is also m. This is related to the def-
inition of a normalized eﬀective antenna height. It is called
normalized due to the termination of the antenna port with
the characteristic impedance ZC . Therefore, losses due mis-
match of the feeding network are included in the transient
response. This is in contrast to the standard definition of the
eﬀective height h, which relates the incident electric field to
the antenna’s open-circuit voltage.
2.2. Transient radiation
The relationship of the radiated electrical field Etx in a cer-
tain distance r and direction (θ,ψ) in the far-field region and




























The transient radiation properties are included in the direc-
tional and polarized transmit factors An in the frequency do-
main and an in the time domain. Z0 denotes the characteris-
tic free-space impedance (Z0 = 120πΩ), Zc is the reference
impedance at the antenna connector (assumed to be fre-
quency independent), and r is the distance from the antenna.
The convolution with the Dirac function δ(t − r/c0) rep-
resents the time retardation due to the finite speed of light
c0. The antenna transmit factor depends on the regarded di-
rection (Θ,ψ) of the radiation and is a vector according to
the polarization vector properties (copolarization and cross-
polarization) of the modeled antenna. The application of the
reciprocity theorem [5, 9, 10] yields the connection between
the receive and transmitting mode in the frequency and in
the time domain:
An(ω, θ,ψ) = 12πc0 jω
Hn(ω, θ,ψ), (4)




Equation (4) leads to the conclusion that an antenna with a
finite eﬀective height Hn will not radiate for ω = 0. With (4)
































As the factor jω can be placed anywhere in (6), the derivation
∂/∂t and the convolution ∗ can be exchanged. This results
in the known formulation for the radiated fields of impulse















It is important to emphasize that the transient response of
the antennahn can introduce any spatio-temporal filter char-
acteristic, which may be far apart from an ideal Dirac pulse
which would characterize the transmitting antenna as a mere
diﬀerentiator in time, as it is very often assumed.
2.3. Free-space UWB transmission
The received voltage of a system consisting of the transmit-
ting antenna 1 and the receiving antenna 2, which are placed
in free space and in the mutual far field, can be expressed by
combining equations for the frequency domain (1) with (6)
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For the transmitting antenna with the transient responsehn,1,
the direction of the receiving antenna is denoted with (θt,ψt)
in the appropriate local coordinate system. For the receiving
antenna, the direction of the transmitting antenna is denoted
accordingly with (θi,ψi). In the often encountered case that
both antenna transfer functions are normalized to the same





The antenna model of Section 2 enables the description of
the radiation of arbitrary waveforms like Gaussian pulses or
chirps and so forth. The model covers all dispersive eﬀects
that result from a particular antenna structure (e.g., the in-
fluence of coupled resonators and the related varying group
delay due to nonlinear phase response). The influences of
frequency-dependent matching and losses are also covered
since the feeding network is included in the model. Thus
quality measures of the eﬃciency of a particular more or less
dispersive UWB antenna-under-test (AUT) can be derived
directly from the antenna’s transient response hn.
In this context, there are two important eﬀects to be dis-
tinguished: firstly, the ability of the antenna to eﬀectively
transmit and receive power and secondly, the distorting in-
fluence on the waveform to be transmitted or received.
3.1. Frequency-domain parameters
As shown in [5, 6, 10], the eﬀective continuous-wave (CW)
gain patternGeﬀ can be computed from the transfer function
as follows:




The IEEE standard antenna gain [11], which excludes the
losses due to mismatching, is easily calculated from Geﬀ
by accounting for the antenna’s input reflection coeﬃcient
S11(ω) (10):
G(ω, θ,ψ) = Geﬀ (ω, θ,ψ)
1− ∣∣S11(ω)∣∣2 . (12)
In order to obtain measures for distortion in the frequency
domain, the antenna’s transfer function for the polarization
of interest is denoted as the frequency-dependent complex
function Hn,copol(ω) = |Hn,copol(ω)|e jϕ(ω) with the magni-
tude |Hn,copol(ω)| in meter and the phase angle ϕ(ω) in ra-
dians. As known from the theory of filter design [12], the
group delay τg(ω) of a transfer function is defined as
τg(ω) = −dϕ(ω)
dω
= −dϕ( f )
2πdf
. (13)
The group delay is the delay that a portion of the spectral en-
ergy at a given angular frequency ω encounters when trans-
mitted through the filter. For minimum distortion, the group
delay should be constant within the frequency band of inter-
est. In this case, the phase increases linearly with frequency.
The distorting eﬀects can be investigated by introducing a
relative group delay:
τg,rel(ω) = τg(ω)− τg,mean. (14)
The frequency-dependent relative group delay τg,rel(ω) can
be reduced to one integral parameter by taking the standard









The antenna eﬀects on pulse distortion are also to be inves-
tigated in the time domain. For the sake of simplification,
the formulations are all given for the copolarization. The
antenna’s transient response will always have no content at
ω = 0 according to (4). Therefore, it will contain at least one
zero crossing which will not necessarily end the “main” pulse.
Common time-domain measures for pulse width and ring-
ing can be applied, despite this, when analyzing the envelope




2Hn,copol(ω) for ω > 0,0 for ω ≤ 0. (16)
The Fourier transform of (16) yields the complex analyti-
cal response h+n in the time domain. The relation to the real-






According to (2), the peak output voltage from an incident





A measure for the linear distortion of the antenna is the en-
velope width, which is defined as the full width at half max-
imum (FWHM) of the magnitude of the transient responses
envelope:
w0.5(θ,ψ) = t1
∣∣|h+n (t1,θ,ψ)|=p/2 − t2∣∣τ2<τ1, |h+n (t2,θ,ψ)|=p/2. (19)
The duration of the ringing τr,α is defined accordingly as the
time until the envelope has fallen from the peak value below








An integral parameter for the dispersive properties of the
antenna in the time domain is the delay spread τDS of its
real valued transient response. The delay spread of a radio
channel is calculated from its power delay profile [14], there-
fore the antenna’s delay spread is calculated from the power





Figure 1: Measurement setup for transmission measurement with

















∣∣hn,copol(t, θ,ψ)∣∣2dt . (22)
The mean eﬀectiveGmean in the regarded frequency band can














The above procedure can be generalized by weighting the an-
tenna gain with the input signal to be radiated. This can be
achieved with the transient eﬀective gain, which is an inte-
gral quality measure and evaluates the ability of an antenna
to radiate the power of a given waveform utx(t):










This power-related definition of the transient gain diﬀers
slightly from the one given by Baum in [5] which is Voltage
related. If ut is an ideal bandpass signal with constant spec-
tral density, (24) becomes the mean eﬀective gain Gmean in
the regarded frequency band as given in (23).
4. MEASUREMENT OF THE TRANSIENT RESPONSE
The frequency-domain measurements presented here have
been performed with a HP8530A vector network analyzer
and a PHYTRON turn-table positioner supporting the AUT
within an anechoic chamber as shown in Figure 1. As a ref-
erence antenna, an UWB horn antenna is used. The mea-
surement system is fully computer-controlled. The measure-
ment frequency range is from 400MHz to 20GHz (24.5MHz
resolution). A proper calibration has been used in order
to eliminate dispersive eﬀects of the connecting cables. The
measured S21 as the over all transfer function from AUT to
reference antenna includes the eﬀects of eventual mismatch
at the antenna port. The terminating loads immanent to the




= Hn,ref ,copol(ω)Hn,AUT,copol(ω) jω2πrc e
− jωr12/c0 .
(26)
With two identical UWB horn antennas, the complex trans-
fer functionHref (ω) of the reference horn antenna can be cal-
culated from (26) (see [8]), since the distance r12 between the





S21(ω)e jωr12/c0 . (27)
In order to obtain physical results, the phase of the transmis-
sion coeﬃcient S21(ω) has to be unwrapped correctly. Thus a
proper frequency resolution is needed. With the known ref-
erence Hn,ref (ω), the transfer functions of the AUT is easily
calculated solving (26) for Hrx,ref (ω). This has to be done
for all relevant 2D cuts of the antenna radiation pattern at
two orthogonal polarizations (co- and cross-polarization).
The complex transfer function is obtained for discrete pos-
itive frequencies with a resolution ∆ω = 2π∆ f . It can be
transformed into the time domain by inverse discrete Fourier








The result of (28) is a complex discrete-time function with
a sampling rate ∆traw = 1/ fmax = 50 picoseconds. The mea-
sured data is complemented by zero padding for 0–400MHz
and 20–200GHz. This leads to a fine interpolation of the
antenna’s transient response with an interpolated time res-
olution of ∆t = 5 picoseconds. Since only the measured
positive frequencies are used for the transformation, it re-
sults in a time-discrete analytical signal [15]. Its magnitude
is referred to as transient response’s envelope |h+n,AUT|. The
real part R{h+n,AUT} is taken as a time-discrete estimate for
the AUTs transient response hn similar to (17). It is possi-
ble to double the time resolution of the measured transient
response by combining real and imaginary part of h+n,AUT as
shown in [16].
For the evaluation of urx according to (10), together
with the measured h+AUT, the derivative of the simulated
time-domain excitation voltage has to be converted first
into a discrete-time analytical signal by the discrete Hilbert
transform [15]. The estimate for the output voltage of the

































Figure 2: (a) Quad-ridged horn. (b) Measurement of the transient response envelope versus angle and time for the E-plane and copolariza-
tion.
receiving antenna is then computed in the frequency domain
by multiplying the discrete frequency vectors of the antenna
transfer functions with the exciting signals according to (9).
This procedure makes use of the cyclic convolution proper-
ties of the discrete Fourier transform (DFT) and it has to
be ensured, that the length of the time vector is suﬃcient
in order to avoid ambiguities. The transfer functions of the
connecting cables are measured separately and inserted in
the simulation. A verification of this method with the short-
pulse time-domain measurements is given in [17].
4.1. Measurement results
The transient response of the employed reference horn an-
tenna (quad-ridged horn, 2–20GHz) in the E-plane shows
a sharp and high peak in the main lobe as can be seen
from Figure 2. The horn antenna (model A6100, EM sys-
tems) is used as a fixed receiving antenna in themeasurement
setup. It is 300mm long and the diameter of the aperture is
140mm. It exhibits an eﬀective gain from 5 to 19 dBi, which
increases from 2 to 20GHz. The half-power beamwidth is de-
creasing from 70◦ to 13◦ over the specified frequency range.
Two identical horn antennas are available for calibration.
The measured hn exhibits a high and sharp peak with p =
0.93m/ns and w0.5 = 65 picoseconds. That is expected since
the horn structure is nonresonant and provides a smooth
transition from the transmission line to the free space.
The absolute time delay of the maximum in Figure 2 ex-
hibits a sinusoidal dependence over the rotation angle ψ.
The explanation is, that the center of rotation did not ex-
actly coincide with the apparent phase center of the antenna
[3], which can be called also center of radiation. This can
be partly corrected by estimating the center of radiation [19]
and reprocessing or repeating the measurement with an im-
proved antenna position. However, the time-domain quality
measures (Section 3) are not aﬀected by this eﬀect because
they do not refer to absolute delays and are calculated inde-
pendently for every direction.
The transient response of a Vivaldi antenna, which has
been designed for the frequency range 3.1GHz–10.6GHz
and which was presented in [18], shows also a relatively sharp
peak (Figure 3). The antenna has significantly less gain than
the horn antenna, which is mainly due to its smaller aperture
(50mm tapered-slot width). Therefore, the peak magnitude
of its transient response is pmax,Vivaldi = 0.35m/ns lower than
that of the horn.
Obviously, the eﬀort in aligning the antenna on the turn
table becomes less tedious if the antenna size is small. There-
fore, it is assumed that the center of radiation lies within the
physical structure of the antenna. However, themeasurement
of the Vivaldi antenna with the size 78mm×75mm, which is
small compared to the horn, exhibits also an angle dependent
hn with sinusoidal components. For the side and backward
directions, the antenna’s transient response |hn(t, |ψ| > 50◦)|
shows two peaks. For those directions, a unique center of ra-
diation cannot be defined. The two peaks can be explained by
the structure of the antenna: the first backward peak is due to
the feeding network and the second one emerges from reflec-
tions at the Vivaldi antenna’s aperture. This illustrates how
the analysis of the antenna’s transient response gives valuable
insights to the antenna designer. In Figure 4, the structure
and the transient response for a logarithmic-periodic dipole
array (LPDA) is shown. In contrast to the horn and the Vi-
valdi antenna the broadband behavior of the LPDA is due
to coupled resonances. This results in a long duration of the
transient response w0.5 = 785 picoseconds and a strongly re-
duced peak value p = 0.13m/ns.
5. PATTERNS OF THE QUALITYMEASURES
The measurements of transient responses for three diﬀer-
ent antennas are presented here for a UWB horn antenna
(2–20GHz), for a planar Vivaldi antenna (3.1–10.6GHz),
and for a planar LPDA (3.1–10.6GHz). The planar Vi-
valdi antenna and the LPDA have been presented in [18].




































































Figure 4: (a) Structure of LPDA [18]. (b) Measurement of the transient response envelope versus angle and time for the E-plane and
copolarization.
All antennas are linearly polarized. The graphs presented be-
low show the directional characteristics for the time-domain
quality measures (Section 3) in the E-plane of each antenna.
The frequency-domain parameters like gain and group delay
are discussed in more detail in [20, 21].
5.1. Horn antenna
The transient response of the horn antenna shows a sharp
and high peak value p in the main beam direction (ψ =
0◦). As can be seen from Figure 5b, p decreases fast for oﬀ-
boresight angles. The half-power (−3dB) width of the peak
value pattern p(ω) is 31◦. The half-voltage (−6dB) width is
45◦. The time dependence for the main beam direction is
shown in Figure 6a. The envelope of the transient response
gives a good impression where the main signal parts are con-
centrated. Some high-frequency oscillations ( f = 20GHz)
are overlaid to the signal. This is due to the sharp edge
of the measurements of the rectangular window in the fre-
quency domain. Therefore, this eﬀect is easily reduced us-
ing additional filtering. It has to be emphasized that the de-
rived quality measures can only be compared if measure-
ment bandwidth and additional filtering are equal for the
measured transient responses. The directional dependence
of the transient response’s peak width w0.5(ψ) and the ring-
ing τr,α(ψ) in the E-plane are shown in Figure 6b. The lower
bound α for the definition of the ringing τr,α has to be cho-
sen very carefully according to the noise floor of the mea-
surement. In order to compare the ringing of antennas with
diﬀerent gains under the constraint of a constant noise floor,
the fraction α has been chosen to be α = 0.22(−13dB).













































Figure 5: (a) Mean-eﬀective gain Gmean (integrated from 3.1–10.6GHz) and gain G for selected frequencies (E-plane, measurement fre-
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Figure 6: (a) Transient response in direction 0◦ for the horn antenna (E-plane). (b) FWHM and duration of the ringing for the horn antenna
(E-plane).
The minimum ringing is τr,α = 355 picoseconds for the main
beam direction (ψ = 0◦). It rises when turning the antenna.
This can be explained by the fact that the peak magnitude of
the transient response decreases outside the main lobe of the
antenna, whereas the unwanted long-lasting, lower frequent
oscillations are radiated quite omnidirectional. The FWHM
of the main peak shows only weak variations within the main
lobe of the antenna. In Figure 5a, the mean-eﬀective gain of
the antenna according to (23) is shown. It is compared to
the eﬀective gain patterns for selected frequencies within the
FCC frequency range. Due to the averaging over frequency,
the nodes and side lobes of the narrowband gain patterns are
smoothed. The half-power beamwidth of the mean-eﬀective
gain pattern is 33◦ and agrees therefore very well with that
31◦ of the peak value pattern p(ψ) although they are not
identical. Note that the peak value pattern in Figure 5b is



































Figure 7: (a) Transient response of Vivaldi antenna in the main beam direction for diﬀerent measurement bandwidths. (b) Transient re-
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Figure 8: FWHM and duration of the ringing (E-plane, measurement frequency range 0.4–20GHz): (a) Vivaldi antenna; (b) LPDA.
given in a linear scale, whereas the gain patterns in Figure 5a
are given in the dB scale.
5.2. Vivaldi antenna and LPDA
The transient response of the Vivaldi antenna shows like
the horn antenna a sharp peak in the time domain and
low ringing (cf. Figures 7 and 8). Figure 7 shows the tran-
sient response of the Vivaldi antenna for diﬀerent mea-
surement bandwidths. The original measurement bandwidth
0.4–20GHz is reduced to 0.8–15GHz and 3–12GHz. The
first reduction has almost no influence on the shape of the
transient response. The maximum peak is reduced from
p0.4–20GHz = 0.3448m/ns to p0.8–15GHz = 0.3410m/ns and
the FWHM is increased from p0.5,0.4–20GHz = 115 picosec-
onds to p0.5,0.4–20GHz = 130 picoseconds. This shows that
the Vivaldi antenna operates mainly in frequencies below
15GHz. The further reduction of the bandwidth has a sig-
nificant impact on the resulting transient response: the peak











































Figure 9: Mean-eﬀective gain Gmean (integrated from 3.1–10.6GHz) and gain G for selected frequencies (E-plane, measurement frequency
range 0.4–20GHz): (a) Vivaldi antenna; (b) LPDA.
Table 1: Measurement results of the quality measures for some antennas (main beam direction).
p w0.5 τr,0.22 Gmean G(3.1GHz) G(6.85GHz) G(10.6GHz)
Broadband 0.93m/ns 65ps 355ps 12.2dB 7.7dBi 13.9dBi 15.2dBi
Horn Vivaldi 0.34m/ns 115ps 475ps 5.7dB 3.3dBi 6.7dBi 4.6dBi
Antenna LPDA 0.13m/ns 785 ps 440 ps 5.3dB 6.4dBi 6.4dBi 4.8dBi
magnitude is reduced to p0.8–15GHz = 0.2313m/ns, the
FWHM is increased to p0.5,0.4–20GHz = 150 picosecond, but
the ringing is reduced from τr,0.22,0.4–20GHz = 475 picosec-
onds to τr,0.22,3–12GHz = 265 picoseconds. This is because the
ringing spectral components below 3GHz are suppressed.
These emerge from a resonance of the antenna structure at
2.1GHz, which radiates omnidirectionally. Figure 8a shows
the FWHM w0.5(ψ) and the ringing τr,0.22(ψ) of the Vi-
valdi for the measurement bandwidth 0.4–20GHz. The peak
width and the ringing are quite constant over the main lobe,
which is broader than that of the horn. In the azimuth (E-
plane) directions of ψ = +150◦ and ψ = −150◦, the peak
magnitude of the transient response p(ψ = ±150◦) is very
weak. For those angles, the lower bound of the ringing defi-
nition conflicts with the noise floor of the measurement (ap-
prox. 0.02m/ns). Therefore, the ringing results are not valid
for those directions.
The LPDA exhibits a diﬀerent behavior than the horn or
the Vivaldi. That is due to the fact, that the LPDA is a reso-
nant structure with coupled dipole elements [18, 19]. As can
be seen from Figure 7b, its transient responses envelope does
not have a sharp peak. It rather consists of an oscillation with
decreasing frequency, because the dipoles with higher reso-
nance frequencies are excited earlier than the larger dipoles.
Therefore, the peak magnitude of the transient responses
envelope is only 37% of the Vivaldi antenna’s peak mag-
nitude. However, the mean gain of LPDA (Figure 9b) and
Vivaldi (Figure 9a) are approximately equal (Gmean,Vivaldi =
5.7dBi,Gmean,LPDA = 5.3dBi). The ringing in main beam di-
rection (Figure 8b) is lower than the FWHM, because they
are defined on the transient responses envelope, which is
quite symmetric to the time of its peak value. Therefore, the
time from envelopes peak value to the lower bound is shorter
than the FWHM. The boresight values of the envelope peak
p(ψ = 0◦), FWHM w0.5(ψ = 0◦), ringing tr,0.22(ψ = 0◦), and
gains Geﬀ ,mean(ψ = 0◦), G(ψ = 0◦, f ) are summarized for the
diﬀerent antennas in Table 1.
6. CONCLUSIONS
Since an antenna is a linear time-invariant (LTI) system, it
can be fully described by the directional antenna transfer
function in both, the frequency or the time domain. The par-
ticular representation of the antenna transfer function yields
the full information in each domain. However, some eﬀects
like ringing, maximum-pulse amplitudes, group-delay char-
acteristics, or frequency-selective behavior are investigated
best in the domain in which they are defined. Therefore, one
measurement in either the frequency or the time domain will
provide this information by applying adequate signal pro-
cessing for the transformation between both domains. The
measurement in the frequency domain exhibits standardized
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and easy calibration methods and has a dynamic range above
90 dB. The shape of the antenna’s directional transient re-
sponse is directly connected to the physical structure, which
will be optimized not only for perfect impulse radiation but
also for small size and low cost. The tradeoﬀs between these
optimization goals can be visualized by analyzing the tran-
sient response and its derived quality measures as shown
above. Furthermore, the quantified influence of the antennas
on the UWB transmission can lead to a joint optimization of
modulation schemes and antenna properties.
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